The study of the chemical carcinogenesis mechanisms and the design of efficient prevention strategies and measures are of crucial importance to protect human health. The long-term carcinogenesis bioassays have played a central role in protecting human health, but for ethical and practical reasons their use is dramatically diminishing, and the genotoxicity short-term tests have taken the pivotal role in the pre-screening of carcinogenicity. However, there is evidence that this strategy is not sensitive enough to detect all genotoxic carcinogens and it cannot detect nongenotoxic carcinogens. In a previous article, we have shown that an integrated strategy consisting of the in vitro Ames and Syrian Hamster Embryo cells transformation assays, combined with structure-activity relationships, is a valid alternative to the present pre-screening strategies. Here, we expand the previous investigation by (i) including results of cell transformation assays on inorganics, together with an additional assay (Bhas 42), and (ii) considering new structural alerts for nongenotoxic carcinogenicity. We also present a new analysis on global relationships between toxicological endpoints. The new results confirm that the previously proposed integrated, alternative strategy is an efficient tool to identify both genotoxic and nongenotoxic carcinogens, with an estimated 90-95% sensitivity.
Introduction
The study of the chemical carcinogenesis mechanisms and the design of efficient prevention strategies and measures are of crucial importance to protect human health (1, 2) . Cancer is the second leading cause of death in Western countries, just after circulatory diseases (3) . It should be emphasised as well that the causes of cancer are predominantly environmental in nature (this includes chemical exposure, lifestyle, diet, and work): different types of evidence converge toward an estimated 80% environmental component of cancer (1, (4) (5) (6) (7) (8) .
To identify potential carcinogenic effects for humans, experimental long-term chemical carcinogenesis bioassays are designed and carried out. Carcinogenesis long-term bioassay results in rodents, mainly rats and mice, have been shown to be a consistent and reliable indicator and predictor of human cancer risk (4, 9, (10) (11) (12) (13) (14) (15) . For chemicals discovered to be carcinogenic to laboratory animals, prudent public health policy suggests strongly that eliminating exposures to these agents would reduce or eliminate certain environmentally associated cancers (4,16-18).
The obvious negative side of the standard bioassay in rodents is that it is time-consuming and costly, and it requires the sacrifice of large numbers of animals. This makes the bioassay not usable in practice for large screening programs [e.g. it is foreseen that in the next few years around 30 000 chemicals will need assessment under the new European legislation called REACH (i.e. Registration, Evaluation, Authorisation and Restriction of Chemicals; (19) (20) (21) ]. For all these different reasons, chemical carcinogenicity has been the target of numerous attempts to create alternative predictive models, ranging from short-term biological assays (22) (23) (24) to theoretical models [namely structure-activity relationships (SAR); (2, 25, 26) ]. Recently, this trend has been strongly stimulated by changes at regulatory level, aiming at drastically reducing the number of new cancer bioassays. Among others, REACH provides a basis for the use of 'non-testing' approaches [including (Q)SAR, (quantitative) structure-activity relationships] for predicting the environmental and toxicological properties of chemicals, in the interests of time-effectiveness, cost-effectiveness and animal welfare (26) (27) (28) (29) (30) .
The somatic mutation theory of cancer (31) has been by and large regarded as the predominant paradigm for the induction of cancer by chemicals, and it has inspired the majority of studies as well as the general lines of the pre-screening strategies for cancer (23, 24, 32) . The regulatory schemes and strategies vary to a large extent, depending on the types of chemicals and intended use. However, a dominant trend can be recognised. Most often, a two-tiered integrated testing approach is used. Tier 1 includes in vitro assays. In this tier, bacterial mutation assays (such as the Ames test) are used first, followed by tests based on in vitro mammalian cells (detecting gene mutations or chromosomal aberrations). Tier 2 involves the use of short-term in vivo studies (usually a bone-marrow cytogenetics assay) to assess whether any potential for mutagenicity detected at the Tier 1 in vitro stage is actually expressed in the whole animal. Thus, negative results in vitro are usually considered sufficient to indicate lack of mutagenicity, whereas a positive result in vitro is not considered sufficient to indicate that the chemical represents a mutagenic hazard (i.e. it could be a false or misleading positive) (33) (34) (35) (36) (37) (38) .
The evidence accumulated in more than 30 years of genotoxicity testing permits to draw conclusions on the scientific hypotheses underlying the pre-screening strategies for carcinogens (32) . It appears that the Ames test is the best predictor of carcinogenicity for the DNA-reactive chemicals. For the chemicals that are negative in Salmonella, but positive in other in vitro assays (e.g. clastogenicity) no correlation with, and predictive ability for, carcinogenicity is apparent (the other in vitro assays generate an exaggerated rate of false-positive results) (24, 39) . The other working hypothesis is that in vitro positives should be confirmed through an in vivo genotoxicity assay; however, it is demonstrated that existing in vivo tests are insensitive and give a majority of falsenegative results for many clearly genotoxic carcinogens (35, 40) . As a consequence, genotoxic chemicals may go undetected under the present pre-screening strategies.
The other critical issue is that of the identification of epigenetic or nongenotoxic carcinogens. Nongenotoxic carcinogenicity is more elusive and less studied, and sometimes the risk to humans is not adequately appreciated (41) (42) (43) . Traditionally, nongenotoxic carcinogens have been detected in rodent 2-year cancer bioassays (12, 13) , but new regulatory policies tend to drastically reduce the number of new cancer bioassays [see also e.g. (44) ] and to rely on the pivotal role of genotoxic endpoints; however, nongenotoxic carcinogens are negative in all genotoxicity tests and thus go undetected. Justification for the development of alternative methods for the detection of nongenotoxic carcinogens includes their remarkable presence among the known human carcinogens [up to 25% in Class 1 human carcinogens as classified by the International Agency for Research on Cancer (IARC)] and the considerable potential risk associated with them (45) . In addition, it should be emphasised that the proportion of nongenotoxic to genotoxic carcinogens in the environment is likely bound to increase in the near future, since the scientific knowledge on DNA reactivity [including structural alerts (SA)] allows the industrial chemists to design new compounds without overtly reactive moieties.
The evident deficiencies of the pre-screening strategies adopted to avoid a massive use of the rodent bioassay have taken to the limelight again the cell transformation assays (CTAs), which have been proposed for assessing nongenotoxic carcinogens for many years but have undergone several cycles of favour and disfavour within the scientific community. CTAs mimic some stages of in vivo multistep carcinogenesis. Cell transformation has been defined as the induction of certain phenotypic alterations in cultured cells that are characteristic of tumourigenic cells (46) . These phenotypic alterations can be induced by exposing mammalian cells to carcinogens. Transformed cells that have acquired the characteristics of malignant cells have the ability to induce tumours in susceptible animals (47, 48) . Recently, the contribution of the CTAs to the pre-screening of carcinogenicity has been re-explored. The Organization for the Economic Cooperation and Development (OECD) has reconsidered the CTAs and published a detailed report (49, 50) , while the European Centre for the Validation of Alternative Methods (ECVAM) has performed a pre-validation of CTAs (51, 52) .
In a previous article, we analysed the CTA data from the OECD compilation (53) . The Syrian Hamster Embryo cells transformation assay (with pH = 7 protocol) performed best in predicting rodent carcinogenicity, and it was shown to be complementary to the Ames test in a tiered approach. This article expands considerably our previous analyses, by including (i) CTA results for inorganics (data from (49) and (ii) results from a further CTA [the Bhas 42 system (54)] not considered in the OECD report. In addition, within the framework of an integrated approach to identification of carcinogens, we have considered a new set of SA for nongenotoxic carcinogenicity. These results are discussed within the perspective of the risk assessment of potential carcinogens.
Materials and methods

Experimental systems and data
This article focuses on cell models used for CTAs that have either primary or secondary normal cells [the Syrian Hamster Embryo (SHE) assay] or established cell lines (the BALB/c 3T3, the C3H10T1/2 and the Bhas 42 assays). The SHE model uses karyotypically normal cells and is intended to detect early stages of carcinogenesis. Its cell transformation results in phenotypic abnormalities in the colonies after a 7-day assay. For the SHE assay, two protocols are considered as separate systems, with pH = 7.0 or higher and with pH = 6.7. The other three assays use immortalised aneuploid murine cell lines and measure later stages of carcinogenesis. The endpoint is induction of morphologically aberrant foci several weeks after exposure to the test sample. The Bhas 42 cells were established from the BALB/c 3T3 cells through the transfection with a plasmid pBR322 containing Ha-MuSV-DNA, clone H1 (v-Ha-ras). Detailed description and data compilation for the CTAs are available in the OECD report (49) , except for Bhas 42 that is presented in (54) . Regarding the OECD data compilation, in this article we used the information in Tables 11-13 (which are the basis of the performance analyses presented in the OECD paper). Intra-or inter-laboratory contradictory outcomes were not considered.
In our laboratory, the data were collected into a chemical relational data file (called ISSCTA) including (i) biological data and (ii) chemical structures in a computer-readable format. ISSCTA is freely available at the web-based ISSTOX cluster of toxicological databases: http://www.iss.it/ampp/dati/cont. php?id=233&lang=1&tipo=7. Another ISSTOX database (ISSCAN) was used as the source of carcinogenicity and Ames mutagenicity data. The chemical relational databases are described in (55) .
All ISSTOX databases are also implemented into the OECD (Q)SAR Toolbox, where they can be used as the basis for chemical risk assessment (29) 
Structural alerts
The SA are one of the most popular approaches to SAR (2) . A compilation of SA was curated by John Ashby, based on the evidence on chemical carcinogenicity (56) . Since most of the carcinogens known at the time were DNA-reactive (57, 58) , the Ashby's compilation of SA applies to Salmonella mutagenicity as well (59) . An updated version of the carcinogenicity/mutagenicity SA has been prepared in our laboratory and implemented as a module of the expert system Toxtree (free download: http://ecb.jrc.ec.europa.eu/qsar/ qsar-tools/index.php?c=TOXTREE). This implementation was composed by and large by SAs for genotoxic carcinogenicity, with very few SAs for nongenotoxic carcinogenicity (2, 60) . This carcinogenicity/mutagenicity rulebase has been implemented into the OECD (Q)SAR Toolbox as well. The Toolbox is a freely available software aimed at the regulatory use of QSAR approaches, by using structure-activity methodologies for the formation of toxicologically meaningful categories allowing to fill data gaps by read-across or trend analysis: http://www.qsartoolbox.org/ (29) .
Recently, we have expanded the SAs rulebase with a large number of new SAs for nongenotoxic carcinogenicity. The expanded rulebase has been implemented into the OECD (Q)SAR Toolbox version 2.5 and is going to be implemented into the next version of Toxtree in the near future. The new SA and a detailed explanation of their mechanistic basis are available in the Toolbox.
In this article, we used the expanded SA rulebase that includes a large representation of both genotoxic and nongenotoxic alerts for carcinogenicity.
Data analysis methods
This article presents two main types of data analyses. One is simply the calculation and visualisation of the agreement between two dichotomic classification systems, e.g. CTA results versus carcinogenicity results for the same set of chemicals. This can be conveniently described through a receiver operating characteristics (ROC) graph analysis. A ROC graph reports (i) true-positive rate (sensitivity) on the Y-axis and (ii) false-positive rate ( = 1 −specificity) on the X-axis. In a ROC graph, perfect performance is located at the left upper corner; the diagonal line represents random results (61, 62) .
Another procedure is aimed at comparing globally various profiles of responses to the chemicals, e.g. sets of results obtained when the same group of chemicals is tested with different biological assays (rodent carcinogenicity, Ames test, CTAs, etc.). The biological responses are coded as 0 (negative) or 1 (positive). The distance or dissimilarity between each pair of tests is calculated. A convenient measure is the percentage of chemicals with different results, out of all chemicals in common. This generates a N × N data matrix that includes all test relationships. Then all dissimilarities between pairs of biological systems are reorganised through a principal component analysis of the N × N matrix; this provides a global view of systems inter-relationships (63) . For some assays (e.g. Ames test, carcinogenicity), more than one compilation of results is available; in this article, the different compilations were used as independent assessments of the test performance (different databases may diverge in the chemicals included and in the criteria for defining the calls). It should be emphasised that the calculation of a distance matrix is considered to be a very robust approach to solving the problem of missing data, since it exploits all the available information regarding the relationship between two systems (64) . Finally, cluster analysis-a method that identifies groups of similar objects-is applied to the principal components of the N × N distance matrix (63) .
Results
The core of this article is an analysis on CTA performance that expands our previous one (53) In a first analysis, the concordance between the results of the CTAs and of the rodent carcinogenicity bioassay for organic and inorganic chemicals of very different classes was studied. The CTAs are Syrian Hamster Embryo cells assay pH 7 (SHE_7), Syrian Hamster Embryo cells assay pH 6.7 (SHE_6.7), BALB/c 3T3 (Balb), C3H10T1/2 (C3H) and Bhas 42. The predictive abilities of the CTAs are displayed as a ROC graph in Figure 1 . The comparison shows that SHE_7 performs best in predicting rodent carcinogenicity, with the highest sensitivity to carcinogens (sensitivity = true-positive rate = 0.92) and a fair specificity (false-positive rate = 1 -specificity = 0.33). SHE_6.7 has the lowest rate of false positive results (0.14), but the sensitivity (0.69) is significantly lower than that of SHE_7. For a comparison, the performance of the Ames test (STY) is displayed in Figure 1 as well. Since STY identifies only DNAreactive/genotoxic carcinogens, it appears that its sensitivity is low in this database skewed toward nongenotoxic carcinogens (the rate of false negatives is low as well). Figure 2 shows the differential sensitivity of the CTAS with respect to the two categories of putative: (i) DNA-reactive and (ii) non-DNA-reactive/nongenotoxic carcinogens. The stratification of carcinogens was based on structural considerations, using the SA rulebase described in 'Materials and methods'. It appears that SHE_7 is more sensitive than the other CTAs with both categories of carcinogens ( Figure 2) . It also appears that some CTAs (e.g. Bhas 42, Balb) perform better with genotoxic than with nongenotoxic carcinogens. As expected, the Ames test is sensitive almost exclusively to DNA-reactive carcinogens. Table I details the concordance between rodent carcinogenicity and SHE_7 for the various categories of bioassay results. It appears that the majority of noncarcinogens are negative in SHE_7, whereas an overwhelming majority of carcinogens are positive in SHE_7, both in the categories of DNA-reactive and nongenotoxic/non-DNA-reactive carcinogens.
A further, interesting view on the relationships among the various CTAs and of the CTAs with the rodent bioassay is provided in Figure 3 . Here the systems are globally compared with each other based on the entire profiles of responses to the chemicals: in the map, assay systems are close to each other if they have similar profiles of responses to the chemicals. Multivariate data analysis methods, which are particularly suited for the analysis of large and complex datasets, were applied to generate Figure 3 . In practice, a matrix of distances between systems was built based on the profiles of response to the chemicals, and then principal component analysis was applied to the distance matrix (63) . For rodent carcinogenicity, more than one compilation of results is available [i.e. OECD (49) , ISSCAN database (55), and Japanese database used for the assessment of Bhas42 (54)]. Since different databases may diverge in the chemicals included and in the criteria for defining the calls, in the analysis these compilations were used as independent assessments of the rodent bioassay results.
The most remarkable observation from Figure 3 is that the different carcinogenicity databases cluster together, with SHE_7 clustering with them as well. This is in agreement with the high predictability for carcinogenicity shown by this CTA. The other CTAs are more distant from the carcinogenicity results. Balb and C3H are close to each other, whereas SHE_67 
A tiered approach to the identification of carcinogens
In a previous article including only results for the organics present in the OECD compilation, a tiered testing strategy to the prediction of carcinogenicity has been presented (53) . First the Ames test (or, alternatively, the SA) was used in Tier 1. Then, the chemicals negative in Tier 1 were 'tested' with SHE_7. For this article, the exercise is repeated with the inclusion of inorganics (Table II) . The carcinogenicity and SHE_7 data were retrieved from (49) , and the Ames test data were retrieved from the ISSCAN database. In one option (Tiered Approach A), the Ames test is used as the first screening tool. Out of the initial 122 chemicals (36 noncarcinogens and 86 carcinogens), 68 are negative in the Ames test and go to the next tier, where they are tested with SHE_7. The chemicals negative in SHE_7 are 25; this includes 17 noncarcinogens and 8 carcinogens. Thus Tiered Approach A reduces the unidentified carcinogens to 9% of the initial number (8/86).
In the second option (Tiered approach B), the Ames test is replaced by the fast and inexpensive SA. We have further distinguished between SA for DNA-reactive chemicals and SA for nongenotoxic carcinogens. The SA used here are those implemented in a new rulebase, which includes an expanded list of nongenotoxic SA (see 'Materials and methods'). The initial sample of chemicals for this exercise is 52 noncarcinogens and 130 carcinogens (total number 182). It appears that 70 chemicals (out of the 182 in the initial sample) do not possess SAs, and so they go to SHE_7 testing. The application of the SAs reduces the number of carcinogens in the sample from 130 to 43. Out of the 70 chemicals without SAs, 22 are SHE_7 negative, with only 5 unidentified carcinogens: thus, a considerable reduction of the carcinogens (to a final 4% of the initial number, 5/130) is obtained.
A closer inspection of Table II shows that Tier A is less sensitive to carcinogens and more specific (lower number of falsepositive predictions), whereas Tier B is more sensitive but less specific. This has to do with the original difference between the Ames test and the SA: the Ames test is less sensitive but more specific than the SA [see Figure 2 in (39)]. The number of false positives is an issue that needs further work and refinement; however, it should be emphasised that the use of the traditional in vitro genotoxicity assays (e.g. mouse lymphoma mutation) instead of SHE in a tiered approach generates a remarkably higher number of false-positive results (53) .
Mechanisms of cell transformation: learning more from data
The overall evidence points to the CTAs as reliable tools for the identification of both genotoxic and nongenotoxic carcinogens, so it is of interest to put the CTAs in a wider perspective in relation to other mechanisms of toxicity, namely The table compares the experimental responses of the rodent bioassay and of the Syrian Hamster Embryo cells CTA (pH = 7.0 or higher) to a set of 194 chemicals, including both carcinogens and noncarcinogens. The data were retrieved from an OECD compilation (49) . The carcinogens are separated into putative DNA-reactive and non-DNA-reactive classes, based on structural considerations (see details in the text). carcinogenicity and genotoxicity. A very large number of experimental results-relative to many chemical classes-have been generated in the last 30-35 years of testing and compiled into databases. Since explicit knowledge on mechanisms/ modes of action has serious limitations, one approach is to consider these panels of chemicals as probes for the different mechanisms/modes of action and then let relationships arise spontaneously from the data themselves. Technically, the same analytical procedure used for generating Figure 3 was applied: principal component analysis of systems distances provided an overall view of systems inter-relationships. For various assays (e.g. Ames test, carcinogenicity), more than one compilation of results is available; they were used as independent assessments of the test performance (different databases may diverge in the chemicals included and in the criteria for defining the calls). A difference with Figure 3 is that the number of systems and chemicals (n = 1150) is much larger, so also the resulting view is much more complex. A complementary cluster analysis was performed as well. Figure 4 displays a projection of the test relationships on the first two principal components (variance explained 57%). A third dimension explains another 17% of variance and is relative to the in vivo micronucleus test, which should be imagined up from the plane where the other systems are. Thus, the view from the first three principal components is a virtually exhaustive description of the relationships among the toxicological endpoint systems and how they respond to large panels of chemicals. Figure 4 points to four main attractors: (i) the carcinogenicity response profiles (four databases), with SHE_7 being very close to the responses of the rodent bioassay. SHE_6.7 and Bhas 42 give more dissimilar responses to the chemicals; (ii) the Ames Tiered strategies for assessing chemical carcinogenicity: the initial sample of chemicals is subjected to two strategies, one including the Ames test first and then SHE_7 (Approach A), and the second one including the SA and then SHE_7 (Approach B). The SA include both genotoxic and nongenotoxic alerts. After each step of the tier, the boxes report the chemicals that are negative in the step (see details in the text). Chemicals detected as positive are excluded from the continuation of the analysis. test (three databases), which is known to be specifically sensitive to DNA-reactive chemicals; (iii) the in vitro mammalian mutagenicity assays (gene mutation and clastogenicity). These endpoints depend on interactions with both DNA and proteins. Unexpectedly, two CTAs (BALB/c 3T3, C3H10T1/2) have profiles of responses to the chemicals similar to those of the assays in this group and (iv) the in vivo mutagenicity (micronucleus) assay (two databases). As expected, the in vivo micronucleus is in the same region of the other chromosomal effects, but its response to the chemicals is further mediated by ADME properties that are not present in the in vitro systems. Figure 5 is a cluster analysis of the responses of the toxicological endpoints to the chemicals and contributes to better grasp the significance of the complex, three-dimensional situation displayed in Figure 4 . Whereas principal component analysis is sensitive to the large-scale trends in the data, cluster analysis describes efficiently the data at the local scale (63, 65) . Figure 5 confirms very clearly the existence of the four poles described above.
Overall, Figures 4 and 5 confirm that some CTAs (notably SHE_7) are reliable in vitro models for carcinogenesis, since they respond to chemicals in a way very similar to that of the rodent bioassay. The genotoxicity assays are more distant (more dissimilar) from carcinogenicity; this is in agreement with the fact that they 'explain' only one component in carcinogenesis. It should be noted that Salmonella and the rodent bioassay have the same values of Principal Component 2 in Figure 4 : this indicates that Salmonella is a faithful model of the second (in order of importance) component of carcinogenesis, which has to be interpreted as the DNA-reactivity component.
Discussion
The tendency to reduce/replace the use of the rodent bioassay for identifying chemical carcinogens increases the reliance on alternative strategies that are largely based on the somatic mutation theory of cancer. However, evidence accumulated in more than 30 years of testing indicates that this strategy is quite inefficient and that even genotoxic carcinogens may go undetected. DNA-reactive carcinogens can be identified efficiently by the Salmonella typhimurium (Ames) test or the SA, but other in vitro and in vivo mutagenicity tests present in the usual testing strategies do not have added value and rather impair the prediction ability of Salmonella alone. In addition, this strategy does not address the issue of nongenotoxic carcinogens. However, there is evidence that the combination of Salmonella and in vitro cell transformation assays permits the identification of a very large proportion of carcinogens. The integration of the above in vitro assays with the mechanistic knowledge encoded into the SA makes even faster and more economical the entire process of carcinogenicity pre-screening with alternative methods (Table II) . The following sections address more in detail some of the issues considered in this article. Figures 1-5 indicate that the response of CTAs to potential carcinogens is very similar to that of the rodent bioassay, with a high predictivity for the carcinogenicity endpoint. This applies especially to SHE_7. In a pre-validation exercise by ECVAM, overall the CTAs have shown to be valuable to detect rodent carcinogens. It was also concluded that standardised protocols are now available that should be the basis for future use. In particular, the SHE pH 6.7 and the SHE pH 7.0 protocols and the assay systems themselves are transferable between laboratories and are reproducible within and between laboratories (51,66).
The high predictivity of CTAs: mechanistic implication/ relevance
Several suggestions have been made as to how CTAs may detect chemical carcinogens that operate by a range of mechanisms of action. It has been proposed that the assays may be detecting a basic carcinogenic change common to different modes of carcinogenesis. Two predominant forms of CTAs have emerged over the years: (i) assays using primary normal diploid cells of which the SHE assay is the most established example and (ii) assays employing immortalised aneuploid mouse cell lines (e.g., BALB/c 3T3, C3H10T1/2). The two forms of CTAs have been correlated to different stages of cell transformation (49) . At least four stages seem to be involved in cell transformation. The stages are (i) a block in cellular differentiation (detected as morphological transformation in the SHE assay); (ii) acquisition of immortality expressed by unlimited lifespan and aneuploid karyotype and genetic instability; (iii) acquisition of tumourigenicity associated with foci formation and anchorage-independent growth obtained in the BALB/c 3T3, C3H10T1/2 and Bhas 42 assay systems and (iv) full malignancy when cells are injected in a suitable host animal (67) . Within the theory on the four stages of cell transformation, SHE may be sensitive to a larger range of carcinogen types than other CTAs because it detects more basic and aspecific mechanisms. An additional proposal is that the success of the SHE assay may be due to the use of primary cells containing a wide variety of cell types susceptible to a range of different transformation pathways (68, 69) . In addition, SHE cells are metabolically competent. The mechanistic basis for the ability of SHE to detect epigenetic/nongenotoxic carcinogens is investigated in (70) .
The Ames and SHE tests in a larger perspective
A subject of interest is why the Ames and SHE tests, which represent two success stories quite unique in the landscape of reductionist in vitro systems (71) , are so useful in the identification of carcinogens. The Ames test is sensitive to a very large family of carcinogens that are able to interact with DNA according to various molecular mechanisms (e.g. direct or indirect alkylation, acylation, intercalation, formation of aminoaryl DNA adducts) (59) and provoke all types of mutations and genotoxic damage (including chromosomal aberrations); it is the typical example of the somatic mutation theory of cancer. In addition, chemicals able to react with DNA are usually also able to interact with proteins; thus they interfere with the cellular processes in many different ways. As shown in this article, DNA-reactive chemicals induce cell transformation as well. As a consequence, an Ames test positivity is not only a signature for the chemicals' ability to induce the narrow category of gene mutations in bacteria, but it is a probe for the chemicals' ability to induce a very wide range of disturbances to the physiology of cells. On its side, the cell transformation assay SHE_7 detects phenotypic alterations that are characteristic of tumourigenic cells. In vitro cell transformation can be produced by a plethora of different molecular mechanisms that do not include the induction of mutations (72) ; among others, these transformation assays are models of cellcell and cellstroma communication phenomena typical of cancer, which cannot be seen as a 'single cell' condition but is linked to modifications of the relations among cells in tissues (73) (74) (75) . In other terms, cell transformation provides a model for the systemic effects advocated as one the major factors in carcinogenesis [see e.g. the tissue organisation field theory (31)].
It is worth comparing the above characteristics of Ames and SHE assays with other approaches aimed at improving the risk assessment procedures, which are being explored in present times. These approaches explore completely new tools, such as tracing molecular perturbations related to specific biochemical pathways with the use of various -omics technologies (in vitro high-throughput assay systems) (76) . A related concept is the adverse outcome pathway. An adverse outcome pathway is a conceptual construct that portrays existing knowledge concerning the linkage between a direct molecular initiating event and an adverse outcome at a biological level of organisation relevant to risk assessment (77) . This strategy assumes that macroscopic events, such as toxicity in tissues or whole animals, can be traced back to individual molecular events and that these molecular events are identical in in vitro high-throughput screening systems and in the whole organism. However, there are both theoretical reasons and practical evidence that this is hardly so. One reason is that a numberless range of pathways should be identified, without a clear clue on when to stop the search. At a more fundamental level, past lessons in modelling of complex systems, going from mechanical statistics to hydrodynamics and ecology, tell us that the emerging of an order or regularity-upon which we can base our predictions-happens at a statistical level, when huge numbers of elementary units are taken into consideration (78) (79) (80) . Translated into a biological context, this suggests that the relevant level of investigation for deriving useful prediction on the 'whole organism' resides at the population level (e.g. in the cell-cell and cell-stroma interactions) and not inside the single cell. A direct experimental evidence comes from the failure of omics in pharmacology to predict correctly the efficacy and toxicity of new drugs (81) . Another cogent, even though indirect, evidence comes from the results presented in this article, showing that the best in vitro predictors of carcinogenicity are the Salmonella assay and the SHE CTA, which are both quite aspecific and large-range tools and which do not model narrow, isolated pathways. In other words, they can be considered as higher-level 'pathways', each including a large number of pathways that-most importantly-interact with each other and so provide the essential systemic-component information.
Do 'nongenotoxic carcinogens' lack genotoxic activity (and vice versa)? An issue for risk assessment
The successful combination of two assays (Ames and SHE) that exemplify theories often presented as antagonistic may indicate that the distinction between genotoxic and nongenotoxic carcinogens is not so sharp and that the theories on the early stages of carcinogenesis are not mutually exclusive; on the contrary, different pathways in the carcinogenesis process may co-exist and should be taken into account in testing strategies. This may have implications for the risk assessment of carcinogens.
Classification systems based on labelling chemicals as genotoxic or nongenotoxic and on presumed mechanisms of action for each class may lead to ambiguous reconstructions of the carcinogenic process. One motivation for such classification is that nongenotoxic carcinogens are thought to be less hazardous to human health than are genotoxic carcinogens. This view is based on the assumption that nongenotoxic carcinogens act as tumour promoters and exhibit threshold tumour doseresponses, whereas genotoxic carcinogens act as tumour initiators and exhibit proportional responses at low doses (43) . However, this does not necessarily mean that a chemical affects the carcinogenic process solely through such activities. Many examples can be quoted.
Cyproterone acetate and tamoxifen are liver carcinogens that had been thought to act by nongenotoxic mechanisms. Later studies indicated that they are genotoxic and have tumourinitiating activity (43) . Steroidal estrogens are predominantly nongenotoxic, but they can also generate DNA adducts upon metabolism. The same is valid for inducers of oxidative stress, which produce DNA damage as well (42) . On the other hand, DNA-reactive chemicals can also interact with proteins. In addition, animal studies demonstrate that tumour promoters can cause cancer in the absence of an initiating agent, and the existence or absence of threshold dose-responses cannot be determined from current knowledge of carcinogenic mechanisms (82) . More important is the fact that several nonmutagenic carcinogens have been found to be carcinogenic in experimental animals as well as in humans (e.g. benzene, 2,3,7,8-tetrachlorodibenzo-p-dioxin, diethylstilbestrol, asbestos, arsenic) (43, 45) .
Thus classification of carcinogens into genotoxic and nongenotoxic or into initiating or promoting agents may not only be unhelpful but even an impediment to risk assessment since it may lead to the use of unjustified default assumptions. A better option is to consider them as 'predominantly' genotoxic or nongenotoxic. Once we can accumulate enough relevant mechanistic information about individual chemicals and their contribution to the different stages of carcinogenesis, it will be more reasonable to use this information directly for risk estimation, without expending efforts in classifying them (43, 83) . In addition to hazard identification, the CTAs may contribute, in combination with other tools, to decide about the prevailing mode of action and then to risk assessment.
Conclusions
The tiered approach presented in this report permits the identification of chemicals of high concern: SHE_7 complements the Ames test (and the SA) in the identification of a very large number of carcinogens. Another strong point is the recent progress in the mechanistically based identification of nongenotoxic carcinogens through an expanded set of SA. This is a reliable ground for refinements toward full replacement of the in vivo bioassay. Among others, a weak point of the process is a limited specificity (incidence of false positives).
Inspection of Table II can help in delineating the open issues. In both tiered approaches, the identification of DNA-reactive chemicals (through the Ames test or the genotoxic SA) leads to halving the number of unidentified carcinogens: half of the problem appears to be solved at this step. Another remarkable proportion of carcinogens is identified with the nongenotoxic SA (Tier B). Thus the chemical biological knowledge permits to break down and model a considerable part of the carcinogenicity mechanisms. The last steps in Table II indicate that SHE_7 can model-experimentally in vitro-most of what is left unexplained. At this point, an issue is whether it is possible to model theoretically also this part of the problem, and how. The question can be formulated as follows: is SHE_7 measuring a systemic component in carcinogenesis that cannot be broken down into narrow mechanisms and pathways? Or, is a more global approach and a different perspective necessary to model SHE_7? For example a systemic effect like anaesthesia induced by a wide range of chemicals has been modelled by Corwin Hansch through very few global physical chemical parameters and not through the description of many individual pathways (84) ; this is because the rate-limiting step of the entire process depends on the limited amount of physical chemical descriptors. In any case, the translation of SHE_7 into a theoretical model (like the translation of the Ames test into SA) would help much in reducing time and cost of assessments. In order to progress further along this path, what is needed is surely the availability of more experimental results for SHE_7 on which to base the modelling work. These results will be useful for a better assessment of its predictivity toward carcinogenicity as well.
